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Summary
An analysis of water chemistry and salmon population status based on data for 1993-94 shows that of
73 salmon rivers in Norway, 23 have extinct populations and an additional 22 have affected
populations. Acidification is one of several causes of damage to salmon populations. The extinct rivers
have ANC below about 0 µeq L-1, whereas the unaffected rivers have ANC above about 25 µeq L-1.
Salmon catch statistics from the late 1800’s to the present indicate declining populations in many
rivers, especially those on the south coast. These statistics must be treated with caution as they are
subject to many sources of uncertainty. Historical ANC reconstructed by application of the MAGIC
model in 6 rivers indicates declining ANC (acidification) to levels potentially damaging to salmon. Of
the rivers tested, only in Tovdal River do the salmon catch statistics and reconstructed ANC give a
consistent clear-cut picture. For the other 5 rivers the weak point in the data is probably the salmon
statistics, which may not give a true picture of the population status of salmon in these rivers during
the past 100 years. The data together indicate that the critical limit for salmon in Norway is about 30
µeq L-1. This limit is compatible with data from laboratory and field experiments with salmon. Setting
this as a limit does not necessitate revision of the critical load maps for Norway, which are based on
critical limit for brown trout.
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1. Introduction
Decades of acid deposition have caused widespread acidification of freshwaters and damage to fish in
southern Norway. Populations of Atlantic salmon (Salmo salar L.) have been eliminated from 7 major
salmon rivers on the south coast. Numerous rivers in western Norway are regarded as affected by
acidification showing reduced fry and smolt production and reduced adult returns (Leivestad et al.,
1976; Sivertsen, 1989; Hesthagen and Hansen, 1991). Labile inorganic aluminium (Ali) has long been
recognised as the main toxic agent to salmon in Norway (Rosseland and Staurnes, 1994). Ali is
mobilised from soils by strong acid anions such as sulphate and nitrate.
Atlantic salmon are more vulnerable to acidification than other fish species due to their anadromous
lifestyle. Certain life stages of salmon are particularly sensitive to Ali, most notably those related to
smoltification (smolt) and hatching (yolk-sack fry). Regardless of which life stage is affected, the final
result is recruitment failure with declining population and in severe cases, extinction of the native
population.
The smoltification process represents the most vulnerable life period for Atlantic salmon. During the
smoltification process the smolt become preadapted to high salinity seawater. The preadaptation
includes physiological changes (increased hypoosmotic capacity), changes in behaviour (migratory-
and anti-predator behaviour) and morphological changes (silvering). The smolt must leave the river
during a four-week period in spring (during the smolt window). If one or more of these traits are
affected by a stressor, marine survival is reduced. In this case, the cause for population effects lies in
freshwater, but the population response occurs first after the fish have entered the marine environment.
The preadaptation to seawater is negatively affected by aluminium at concentrations that do not cause
any detectable response at the population level as long as the fish remain in freshwater (Saunders et
al., 1983; Farmer et al., 1989; Staurnes, et al., 1993; Kroglund and Staurnes, 1999; Kroglund and
Finstad, 2001). Based on this, the ability to maintain homeostasis in seawater is regarded as one of the
most sensitive properties of Atlantic salmon and the property that is most easily affected by
environmental stressors. Several controlled experiments have demonstrated that impaired hypoosmotic
capacity (measured in seawater challenge tests; Clarke and Blackburn, 1977) reduces marine survival
(Wedemeyer et al 1980; Staurnes et al 1993b, Staurnes et al., 1996; McCormick et al., 1998; Finstad
and Jonsson, 2001; Kroglund and Finstad, 2001). As water quality declines further, population effects
are also detected as reduced growth, and eventually as smolt mortality in freshwater (see e.g.
Henriksen et al., 1984). Both increased marine mortality and mortality in freshwater result in reduced
returns of adults. Deposition of eggs then declines to below the carrying capacity of the river, and fry
production is reduced. With further deterioration of water quality, egg and fry survival decrease and
cause even lower smolt production and adult returns. Ultimately the population goes extinct. Water
quality limits for Atlantic salmon must take seawater survival into account. The critical question is:
what are the water quality limits that cause population reductions and later extinction and how are
these best presented.
The critical load concept is now used in Europe as the scientific basis for determining cost-effective
strategies for emission abatements of acidifying compounds to the atmosphere (Bull et al. 2001,
UN/ECE 1999). Determination of critical load involves several steps, including identification of
biological indicator organism to be protected, critical chemical limit at which damage to the organism
occurs, and determination of acid deposition load such that the critical limit is not exceeded (Nilsson
and Grennfelt 1988).
Brown trout (Salmo trutta L.) has been chosen as the biological indicator organism for determining
critical loads for surface waters in Norway (Henriksen et al. 1990). Brown trout is also affected by
elevated concentrations of Ali. The critical limit for brown trout has been determined based on
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empirical data for water chemistry and brown trout status in several thousand Norwegian lakes (Bulger
et al. 1993). Acid neutralising capacity (ANC) is used (Henriksen et al. 1992), as it is a robust
surrogate for combination of Ali, pH and Ca. For brown trout the critical limit is 10 to 20 µeq/l ANC.
The ANC levels from 10 to 20 can be associated with pH ranging from 5 to 6.5 and Ali ranging from 0
to 100 µg Al L-1 based on the 1000-lake survey data (Bulger et al. 1993).
Here we use two approaches to estimate the critical limit for salmon in Norwegian rivers. First we take
information on current status of salmon populations (mid-1990s) and current water chemistry (1993-
94) in 74 rivers in Norway to determine empirical relationships between salmon population status and
water chemistry (in particular ANC, pH, Ali and Ca) and thus identify critical chemical limits. Second
we use the acidification model MAGIC (Cosby et al. 1985a; Cosby et al. 1985b) to reconstruct the
acidification history in 6 salmon rivers and compare trends in water chemistry parameters with
historical records of salmon catches. Together these can be used to check if the “snapshot” critical
limits from the 73 rivers are consistent with the historical declines in salmon catch and reconstructed
water chemistry.
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8
2. Methods, data sources and site descriptions
2.1 Present-day salmon s tatus and water chemistry from 74 rivers
Water quality data and fish status in this survey is based on data from 74 rivers located over all
Norway (Figure 1). The salmon populations were categorised as extinct, affected, possibly affected
and not affected, using official status evaluations (Sivertsen; 1989, Hesthagen and Hansen, 1991;
Directorate for nature management; official river threat and present fish status categorisation). Some
of the rivers in Sogn and Fjordane and Hordaland are categorised following Skurdal et al. (2001).
Within each category, the rivers were sorted according to pH, Ali, ANC and Ca concentration, where
the water chemistry data was collected from several sources (Appendix 2). For the majority of the
rivers, water chemistry was collected from databases maintained by the Norwegian Institute for Water
Research (NIVA) or by the Norwegian Institute for Nature Research (NINA). For some west coast
rivers water chemistry was obtained from salmon population studies undertaken by NIVA. Water
quality data are with few exceptions annual arithmetic averages for the years 1993 and 1994. For the
exceptions, water quality is based on spring samples only. For some rivers, especially rivers in
northern Norway with pH >6.3, aluminium has not been measured. Based pH-Ali relationships, Ali
will be low within the pH interval 6.2 to 6.7; inorganic monomeric Al (Ali) is thus set to 5 µg Al L-1
(the detection limit). In rivers with pH >6.4 and Ca concentrations exceeding 2 mg L-1, acidification is
not a reasonable cause for eventual population declines. In these cases, factors other than acidification
are believed to be the cause.
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Figure 1. Locations of the 74 salmon rivers in Norway used to establish empirical relationships
between salmon population status and water chemistry.
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2.2 Descriptions of the 6 salmon rivers modelled with MAGIC
2.2.1 Nausta River
The Nausta River has been classified as moderately acidified with biological effects such as reduced
density of Atlantic salmon and the invertebrate Baetis rhodani. The water quality in Nausta has
improved during the late-1990’s (SFT 2000; DN 2001). Elevated concentrations of Ali and H+ were
measured annually prior to 1995, especially in 1989 to 1991. From 1995 to 2000, high concentrations
have not been observed. River Nausta is not limed.
Country no. SF, 14
Municipality no. Nausdal, 1433
Watershed no. 084.7Z
Catchment area km2 281
Anadromous stretch km2 12.4
Lakes in andromous stretch 0
Regulations 0
Industry 0
Other threats to salmon Salmon lice
Catch statistics Few reared salmon
Not usable prior to 1970
Fish management Salmon ladder 1975
The fish statistics prior to 1975 are regarded as poor (Figure 2). In 1975 the anadromous stretch was
increased from 2.9 to 12.4 km after the building a fish ladder. Catch data prior to 1975 are therefore
omitted from further data analysis. The annual catch of anadromous fish has increased during the late
1990’s, probably as a response to improved water quality (Skurdal et al. 2001). The increase cannot be
explained as an effect of fewer salmon lice nor escaped fish from fish farms.
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Figure 2.  Official salmon catch statistics for River Nausta.
2.2.2 Vosso River
The Vosso River is affected by a hydro-electrical power plant at Evanger (build in 1963 – 1986) and a
dam at the outlet of Lake Vangsvatn. The latter does not affect discharge. The power plant at Evanger
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has utilised water from the neighbouring River Ekso since 1973. This water is more acidic than the
Vosso River main tributaries. The outlet from the power plant is in Lake Evangervatn. During winter
and early spring, the water from Ekso can contribute more than 50 % of the discharge at the river
mouth. The water chemistry station is located upstream Evanger and therefore is not influenced by this
source of acidic water. Several tributaries between Vangsvatn and the river mouth are acidic and
transport aluminium to the main river (Kroglund et al. 1998). The water quality appears to be
improving, starting around 1995 (Hindar and Kroglund 2000). River Vosso has been limed since 1994
(DN 2001).
County no. Ho, 12
Municipality no. Voss, 1235
Watershed no. 062,Z
Catchment area km2 1499
Anadromous stretch km2 35
Lakes in anadromous stretch 2
Regulations Minor - Vangsvatnet
Major – Evanger kraftverk
Industry 0
Catch statistics Reared salmon
Other threats to salmon Salmon lice. Aquaculture
Fish management Fish stocking
According to Skurdal et al. (2001) the Vosso salmon is characterised as “Storlaksstamme”. Average
weight 10 kg. The annual catch declined gradually, starting in the 1970s. The decline continued up
through the 1980s and all fishing efforts were stopped early in the 1990s. High proportion of escaped
hatchery reared salmon from 1992 contribute to the “low” catches from 1992, making the actual
reduction more intense. The salmon smolts from Vosso are also affected by salmon lice in the fjord
system.
The smolt status was assessed in 1993, 1994 and 1995 (Kroglund et al. 1993; 1996ab) and yearly from
1998 to 2001 (DN-2001). The smolt quality appears to be improving, suggesting improved water
quality during this period.
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Figure 3. Official salmon catch statistics for River Vosso.
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2.2.3 Vikedal River
River Vikedal has been limed since 1987. The pH target was pH 6.2 up to 1994. From then, the pH
target has been elevated to 6.4 during the smoltification period. This pH increase has increased smolt
production, quality and adult returns (DN 2001). Salmon from River Vikedal will be susceptible to
salmon lice and escaped salmon from fish farms. In smolt surveys conducted in 1994 and 1995 in the
unlimed water, smolts were very affected.
County no. RO, 11
Municipality no. Vindafjord, 1154
Watershed no. 038,Z
Catchment area km2 118.4
Anadromous stretch km2 10
Lakes in anadromous stretch 0
Regulations 0
Industry 0
Other threats to salmon Salmon lice. Aquaculture
Catch statistics poor
Fish management none
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Figure 4. Official salmon catch statistics for River Vikedal.
2.2.4 Bjerkreim River
The river has been limed since 1995.
County no. Ro, 11
Municipality no. Eigersund, 1101
Watershed no. 027
Catchment area km2 705.8
Anadromous stretch km2 >40
Lakes in anadromous stretch several
Regulations sparse
Industry sparse
Other threats to salmon Salmon lice. Aquaculture
Catch statistics poor 
Fish management stocking
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Bjerkreim
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Figure 5. Official salmon catch statistics for River Bjerkreim.
2.2.5 Tovdal River
The river has been limed since late 1996.
County no. VA, 10
Municipality no. Kristiansand, 1001
Watershed no. 020
Catchment area km2 1885
Anadromous stretch km2 35
Lakes in anadromous stretch 1
Regulations sparse
Industry sparse
Other threats to salmon none
Catch statistics
Fish management egg stocking from 1999
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Figure 6. Official salmon catch statistics for River Tovdal.
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2.2.6 Gjerstad River
A dam at the mouth of the river constructed in the early 1900’s effectively stopped migration of
salmon and sea trout in this river. Catches in recent years follow the construction of a salmon ladder.
There has been liming in many parts of the catchment beginning in the late 1980’s.
County no. AA, 09
Municipality no. Risør, 0901
Watershed no. 018
Catchment area km2 380
Anadromous stretch km2
Lakes in anadromous stretch several
Regulations sparse
Industry none
Other threats to salmon dam at river mouth; seal
Catch statistics poor
Fish management none
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Figure 7.  Official salmon catch statistics for River Gjerstad.
2.3 MAGIC model
2.3.1 Description of model
MAGIC is a lumped-parameter model of intermediate complexity, developed to predict the long-term
effects of acidic deposition on surface water chemistry (Cosby et al. 1985b, Cosby et al. 1985a).  The
model simulates soil solution and surface water chemistry to predict average concentrations of the
major ions. Time step is month or year. MAGIC calculates for each time step the concentrations of
major ions under the assumption of simultaneous reactions involving sulphate adsorption, cation
exchange, dissolution-precipitation- speciation of aluminium and dissolution-speciation of inorganic
carbon. MAGIC accounts for the mass balance of major ions in the soil by book-keeping the fluxes
from atmospheric inputs, chemical weathering, net uptake in biomass and loss to runoff.
At the heart of MAGIC is the size of the pool of exchangeable base cations in the soil. As the fluxes to
and from this pool change over time owing to changes in atmospheric deposition, the chemical
equilibria between soil and soil solution shift to give changes in surface water chemistry. The degree
and rate of change of surface water acidity thus depend both on flux factors and the inherent
characteristics of the affected soils.
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Data inputs required for calibration of MAGIC comprise soil chemical and physical characteristics,
input and output fluxes for water and major ions, and net uptake fluxes for vegetation.
Table 1.  Overview of the data sources used to calibrate MAGIC.
River Nausta Vosso Vikedal Bjerkreim Tovdal Gjerstad
Precipitation
chemistry
NILU station Nausta Voss Vikedal II average of Ualand and
Skreådalen
average of Treungen
and Birkenes
Treungen
Ualand Skreåd. Treungen Birkenes
latitude 61o34' 60o36' 59o32' 58o31' 58o49' 59o01' 58o23' 59o01'
longitude 5o53' 6o32' 5o58' 6o23' 6o43' 8o32' 8o15' 8o32'
Discharge
NVE station Hovefoss Holmen Gjedlakleiv Flaksvatn Gjerstad
code 84.11.0 38.1.0 27.25.0 20.3.0 18.10.0
area 274 km2 117.7 km2 643 km2 1794 km2 235 km2
Water
chemistry
NIVA
station
34.1
Nausta
9
Bolstad
32.9
Låkafoss
19.1
Tengs
7.1 Boen Bruk 3.1
Gjerstad
UTM-EW 3367 3291 3269 4492 5047
UTM-NS 68312 66030 64616 64557 65141
R 32 32 32 32 32
Soil
chemistry
samples sites in
catchment
sites in
catchment
sites in
catchment
sites in and near
catchment
Birkenes and Storgama Storgama
and
Gjerstad
forest
liming
project
no. sites 4 7 4 9 4 4 6
sampled by NISK NIVA NISK NIJOS NISK NISK NISK
analysed by NISK NISK NISK NISK NISK NISK NISK
sampling year 1987 2000 1985 1998 1984 1982 1994
reference for
aggregation
Reuss
1990
this report Reuss
1990
this report Reuss
1990
Reuss
1990
Hindar et
al. 1999
reference for
soil data
SFT 1988 Wright,
unpubl.
SFT 1986 Wright and Henriksen
1999
SFT 1985 SFT 1983 Hindar et
al. 1999
2.3.2 Soils data
Soil data come from various research projects and monitoring programmes (Table 1). In all cases the
data were aggregated to obtain a single set of values for each river basin (Table 2). First the data from
the soil horizons in individual soil profiles were aggregated by mass weighting, and then the data from
the several soil profiles within the catchment were aggregated as arithmetic averages.
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Table 2.  Soil data used to calibrate MAGIC.  Date refers to sampling year(s).
Parameters units Nausta  1985-
88
Vosso 2000 Vikedal 1985 Bjerkreim
1998
Tovdal 1984-
88
Gjerstad
1994
Soil depth m 0.75 0.23 0.75 0.4 0.36 0.36
Porosity % 0.5 0.5 0.5 0.5 0.5 0.5
Bulk Density kg m-3 800 743 1037 632 717 592
CEC meq kg-1 62 77 23 111 84 103
Exchangeable Ca % 7.9 4.7 3.8 11.8 6.2 9.0
Exchangeable Mg % 3.6 3.9 2.6 8.2 3.4 3.0
Exchangeable Na % 4.4 1.4 2 3.1 1.2 0.7
Exchangeable K % 2.4 3.0 2.2 3.6 1.7 2.9
Base Saturation % 18.4 12.9 10.6 26.8 12.3 15.6
2.3.3 Deposition data
Deposition data are from SFT’s monitoring programme operated by NILU. The data are based on
samples of bulk deposition collected daily or weekly. The data are reported annually (Aas et al. 2000).
These deposition values, however, do not give representative deposition for the catchment as a whole.
Dry deposition of both seasalts and acid pollutants are not included. Both precipitation volume and
chemical concentrations vary with distance from the coast and elevation, due to among other things
orographic effects. The measured annual bulk precipitation fluxes were thus adjusted in three ways to
obtain estimates for catchment-representative deposition.
The measured runoff discharge and the measured arithmetic average chemical concentrations in the
river were assumed to be exactly correct. First the annual flux of chloride (Cl) was calculated by
multiplying the arithmetic average concentration by the annual discharge. Next the annual measured
Cl fluxes in deposition were multiplied by a factor such that the flux of Cl in deposition matched the
flux of Cl in runoff for the whole period for which data are available (Table 3). This estimate assumes
that all Cl in runoff comes in atmospheric deposition, and that there are no sources or sinks for Cl in
the catchment. Next the inputs of the marine fractions of Ca, Mg, Na, K, and SO4 were increased by
the same factor (assumes ratio to Cl is same as in seawater) (Table 3).
Next the inputs of acid pollutants were adjusted such that the flux of sulphate in deposition matched
the flux in runoff for a 2-3 year period. Annual fluxes in deposition of non-marine sulphate (SO4*)
were multiplied by a second factor (Table 3). This procedure assumes that for the selected time
period, all SO4 in runoff came in atmospheric deposition, thus there are no sources or sinks for SO4 in
the catchment. In fact there are soil processes operating on time scales of years-to-decades which
retain and release SO4, but these are assumed to be negligible (or at steady-state) for the selected time
period.
This procedure resulted in a matrix of deposition fluxes for each year of measurements and each of the
seven major ions. This became the file used to drive MAGIC during the measurement years (.dep file).
For the years prior to onset of measurements (from about 1860 to about 1980) the average of these
measured and corrected annual fluxes were used for the ions Ca, Mg, Na, K, Cl, and SO4* (asterisk
denotes non-marine fraction) (Table 4). For non-marine SO4 the historical deposition was scaled to the
estimated deposition history for the EMEP square in southernmost Norway (the Birkenes square) as
given by Mylona (1996). Similarly the historical deposition of NO3 and NH4 was scaled to the
Naturens tålegrenser, Report no. 111 NIVA 4501-2002
17
estimated deposition history for Europe given by Simpson et al. (1997). The scale factors for these 3
pollutant ions relative to 1995 are given in Table 5.
Table 3. Scaling factors for Cl and SO4* used for the deposition input from measured data. The factors
vary widely from river basin to river basin due to the locations of the precipitation stations relative to
the river sampling station at the mouth of the river. See text for details.
River Nausta Vosso Vikedal Bjerkreim Tovdal Gjerstad
Period used for Cl 1985-99 1994-99 1986-99 1980-99 1980-96 1981-99
Cl factor 0.88 3.02 1.09 1.72 1.42 3.88
Period used for SO4* 1993-95 1995-97 1986-88 1980-82 1980-82 1981-83
SO4* factor 1.05 3.91 1.28 1.44 1.28 1.79
Table 4. Mean deposition parameters for seasalt ions (top section) and pollutant ions (bottom section)
used as default for period 1860 to beginning of measurements (about 1980). Units meq m-2 yr-1.
Parameter Units Nausta
1985-99
Vosso 1994-
99
Vikedal
1986-99
Bjerkreim
1980-99
Tovdal
1980-99
Gjerstad
1981-99
Ca meq m-2 yr-1 7 7 13 15 9 3
Mg meq m-2 yr-1 36 37 68 82 16 17
Na meq m-2 yr-1 156 161 296 356 70 74
K meq m-2 yr-1 3 3 6 8 4 2
Cl meq m-2 yr-1 183 188 346 416 82 86
Parameter Units Nausta
1995-97
Vosso 1995-
97
Vikedal
1986-88
Bjerkreim
1995-97
Tovdal
1993-95
Gjerstad
1995-97
NH4 meq m-2 yr-1 21 44 68 55 44 30
SO4 meq m-2 yr-1 50 80 117 120 55 81
NO3 meq m-2 yr-1 19 56 67 52 50 25
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Table 5.  Scaling factors relative to 1995 for historical deposition of pollutant ions in Norway, as used
in MAGIC modelling. Source: sulphur from Mylona 1996); nitrogen from Simpson et al. 1997).
Values for year 2000 are estimated from measured deposition at 7 stations in southern Norway (Aas et
al. 2000).
Year non-marine SO4
factor
N factor
1860 0.00 0
1915 0.73
1925 0.76
1940 0.93
1955 1.42
1960 1.48 0.76
1965 1.75
1970 1.76
1975 1.14
1980 1.57
1990 1.29 1.19
1995 1.00 1.00
2000 0.73 1.00
2.3.4 Runoff and water chemi stry data
Discharge data come from gauging stations located near the mouth of each river, operated by NVE
(Norwegian Electricity and Water Resources Board) (Table 1). Annual mean runoff for the observed
years at each site is given in Table 6. Mean runoff for the years of measurement of chemistry was
used in MAGIC for the period 1860 to beginning of measurement
Table 6.  Mean annual discharge (m yr-1) used in calibration of MAGIC.
Units Nausta
1985-99
Vosso
1994-99
Vikedal
1986-99
Bjerkreim
1980-99
Tovdal
1980-96
Gjerstad
1981-99
m yr-1 2.315 3.155 3.083 2.397 1.057 1.009
Samples for chemical composition of river water are collected generally monthly in the lower (salmon
carrying) stretch of each river (Table 1), and for most of the rivers the data are reported annually as
part of the Norwegian monitoring programme (SFT 2000). The average concentrations for the selected
time period used in calibration are given in Table 7.
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Table 7. Arithmetic average concentrations (µeq L-1) of major ions in river water for the time periods
used in calibration of MAGIC.
Parameters Units Nausta Vosso Vikedal Bjerkreim Tovdal Gjerstad
Years 1994-96 1994-97 1986-88 1980-82 1993-95 1981-83
Ca µeq L-1 30 49 36 50 50 107
Mg µeq L-1 21 20 29 48 25 44
Na µeq L-1 69 51 86 146 89 85
K µeq L-1 8 8 6 10 7 11
SO4 µeq L-1 25 30 49 67 66 113
Cl µeq L-1 76 62 89 167 92 80
NO3 µeq L-1 6 11 12 25 12 20
SBC µeq L-1 128 128 157 252 171 247
SSA µeq L-1 107 103 160 260 170 213
ANC µeq L-1 21 25 -3 -8 1 34
H+ µeq L-1 1 1 4 3 7 2
Aln+ µeq L-1 1 0 3 3 8 2
A- µeq L-1 5 0 0 -12 12 11
2.3.5 Calibration procedure
The model was calibrated using measured inputs and outputs for the control catchment at each
location.  The calibrations were based on data for soil, deposition and runoff considered to be
characteristic for the entire catchment for the periods of observation (selected time period). The
calibrations at each site proceeded by sequential steps:
(1) The model was set up for one soil layer.
(2) Cl and SO4 deposition to each catchment were set such that inputs equalled output as described
above
(3) Uptake rates of nitrate and ammonium in the catchments were set such that modelled N output
(mostly as NO3) matched measured for the calibration period. It is assumed that the percent
retention of nitrogen is constant.
(4) Sulphate maximum absorption capacity in soil was adjusted such that the slope of modelled
changes in stream sulphate concentrations over the entire period of measurements matched the
observed.
(5) Once these anions were calibrated the sum of strong acid anions (SSA) equalled the measured
SSA.  A trail and error process is used to adjust the weathering rates of Ca, Mg, Na, and K and
initial soil exchange pools of these 4 cations until modelled concentrations of base cations in the
streamwater and modelled pools of base cations in the soil matched the observed for the
calibration period. At this point the modelled sum of base cations (SBC) equalled the measured
SBC for the calibration period. Further the modelled and measured ANC (SBC-SSA) also agreed.
(6) Surface water aluminium solubility constant was adjusted such that matched the observed for the
calibration period.
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(7) Surface water DOC was adjusted such that the modelled concentration of organic anions and pH
in streamwater pH matched the observed for the calibration period.
Table 8. Calibrated parameters obtained from MAGIC.
Cation exchange selectivity
coefficients
units Nausta Vosso Vikedal Bjerkreim Tovdal Gjerstad
Al-Ca log 10 -2.0 -0.5 -0.9 -2.0 -2.8 -0.46
Al-Mg log 10 -1.4 -1.4 -0.7 -1.6 -2.7 -0.1
Al-Na log 10 -3.9 -2.6 -2.5 -2.5 -3.8 -1.1
Al-K log 10 -5.6 -6.0 -6.2 -6.1 -6.1 -5.7
Weathering rates
Ca meq m-2 yr-1 60 147 100 108 25 80
Mg meq m-2 yr-1 10 25 25 32 3 20
Na meq m-2 yr-1 0 0 0 13 2 12
K meq m-2 yr-1 18 23 12 17 3 6
Sum BC meq m-2 yr-1 88 295 137 170 33 118
Initial base saturation
Ca % 8.8 6.1 5.3 17.7 19.0 19.7
Mg % 4.1 5.0 3.7 12.8 9.8 6.9
Na % 4.8 1.6 2.5 4.1 4.7 1.2
K % 2.5 3.4 2.6 4.3 2.7 3.7
Sum BS % 20.2 16.1 14.1 38.9 36.2 31.5
Nitrogen retention
NH4 + NO3 % 66 65 75 66 86 70
2.3.6 Fixed parameters
The fixed parameters that were measured or estimated at each site include annual discharge, soil
aluminium solubility, soil and water temperature, soil and water carbon dioxide, soil and water organic
acid equilibrium constants, depth, porosity, bulk density, soil DOC, cation exchange capacity, and
sulphate half-saturation constant (Table 9).
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Table 9. Fixed parameters (measured, estimated or calibrated) used in calibration of MAGIC.
Runoff parameters units Nausta Vosso Vikedal Bjerkreim Tovdal Gjerstad
Discharge annual m 2.315 3.155 3.083 2.397 1.086 1.009
Solubility Al(OH)3 log10 9.3 10.1 10.1 9.7 9.3 10.1
Temperature C 5.0 5.0 5.0 5.0 5.0 5.0
CO2  partial pressure atm 0.07 0.07 0.07 0.07 0.07 0.07
Total organic acid mmol m-3 4 3 0 1 4 8
pK1 -log10 3.04 3.04 3.04 3.04 3.04 3.04
pK2 -log10 4.51 4.51 4.51 4.51 4.51 4.51
pK3 -log10 6.46 6.46 6.46 6.46 6.46 6.46
Soil parameters
SO4 ads. Half-sat. meq m-3 50 100 50 100 80 100
SO4 ads. Max-capacity meq kg-1 1.0 1.0 2.0 1.0 1.0 8.0
solubility Al(OH)3 log10 8.1 8.1 8.1 8.1 8.1 8.1
Temperature C 5.0 5.0 5.0 5.0 5.0 5.0
CO2  partial pressure % atm 0.47 0.47 0.47 0.47 0.47 0.47
Total organic acid mmol m-3 100 100 100 100 100 100
pK1 -log10 3.04 3.04 3.04 3.04 3.04 3.04
pK2 -log10 4.51 4.51 4.51 4.51 4.51 4.51
pK3 -log10 6.46 6.46 6.46 6.46 6.46 6.46
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3. Results
3.1 Salmon status and water chemistry in 73 rivers in the 1990’s
Water quality and salmon status in 73 rivers from various written sources were assessed and classified
as not affected, possibly affected, affected, and extinct (Appendix A).
Acidification is not regarded as a potential threat in 26 rivers, most of which are in northern and
central Norway, regions that do not receive significant amounts of acid deposition and thus do have
significant problems with acidification. These rivers have an average pH of 7.0, <5 µg Ali, 150 µeq L-1
ANC and 4.0 mg Ca L-1.
In 7 rivers the populations are classified as threatened, but the cause for this threat is under debate. The
cause for population declines has been attributed to hydropower plants and salmon lice. Acidification
in tributaries is also proposed. Several of these have acid tributaries entering the anadromous stretch of
the river, but the water quality of the main river does not suggest acidification. In all but Oseelv,
aluminium accumulation onto the gill surface has been documented. These rivers have an average pH
of 6.0, 11 µg Ali, 26 µeq L-1 ANC and 1.1 mg Ca L-1.
In 7 rivers in western Norway acidification has been proposed as a possible threat (Kroglund et al.
1993; Kroglund et al. 1994; Kroglund et al. 1996ab; Kroglund et al. 1998; Hindar et al. 1997; Hindar
et al. 2000). Indications include elevated concentrations of Al on gills. Other possible explanations for
declining or low salmon populations include presence of parasites such as sealice and changes in
marine conditions due to climate.
Reduced population densities have been recorded in 17 rivers in western and southwestern Norway. In
some of these rivers, fish kills have been observed, but liming was initiated before the native
population went extinct. Because of the liming the native salmon population cannot be classified as
extinct, but in many cases would most likely have become extinct provided water quality had
remained poor. These rivers have an average pH of 5.7, 21 µg Ali, 4 µeq L-1 ANC and 0.9 mg Ca L-1.
The salmon catch and fry density is low in 25 rivers, most of which lie in southernmost or southwesten
Norway. These rivers have an average pH of 5.2, 60 µg Ali, -9 µeq L-1 ANC and 1 mg Ca L-1.
A total of 22 rivers are categorised as having an extinct salmon population. Many of these are now
limed and salmon has been reintroduced, thus the official salmon statistics show non-zero catches.
These rivers had pH from 4.5 to 5.8, Ali concentrations from 19 to 127 µg Al L-1 and ANC values
ranging from –22 to 7 µeq L-1 as annual mean values.
Table 10. Water quality (annual average) for rivers with salmon populations classed into 4 categories.
Extinct
Category 0
Affected
Category 1a
Possibly affected
Category 1b
Not affected
Category 2
pH < 5.7 5.2 - 6.1 5.6 - 6.2 > 6.0
Ali (µg Al L-1) > 20 5 - 50 3 - 25 < 10
ANC (µeq L-1) < 8 -5 - 15 10 - 36 > 20
Ca (mg L-1) < 2.6 0.4 – 2.2 0.6 – 1.9 > 1.1
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The data indicate clear thresholds between categories (Table 10, Figure 8, Figure 9). All rivers with
extinct salmon populations had pH lower than 5.5. All rivers with unaffected populations had pH
higher than 6.0. River with extinct populations had Ali concentrations above 20 µeq L-1, whereas most
rivers supporting healthy salmon populations had Ali concentrations below 5 µg L-1. ANC was < 10
µeq L-1 in all rivers with extinct salmon populations, and >20 µeq L-1 in rivers not affected.
An ANC value of 20 µeq L-1 separates extinct and possibly affected from not affected. The category
possibly affected is found at ANC levels overlapping the not affected. An Ali of 8 µg L-1 separates
possibly affected and extinct from not affected. A pH of 6.0 separates possibly affected and extinct
from not affected.
The rivers that based on these values could overlap possibly affected with not affected are few. The
rivers can be identified as rivers having acidic tributaries along the lower portions of the watershed.
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Figure 8.  Cumulative frequency diagrams of 4 key water chemistry variables for the 73 rivers
grouped into categories of salmon population status.
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Figure 9.  Cumulative frequency diagram of ANC (µeq L-1) grouped by salmon population category
for 73 salmon rivers in Norway in the early 1990’s.
3.2 MAGIC calibrations
We were able to calibrate MAGIC satisfactorily to all six rivers (Figure 10 , Figure 11, Figure 12,
Figure 13, Figure 14, and Figure 15.)The modelled concentrations of major ions agreed well with the
observed both for the calibration period as well as for the other years of the record. In particular the
trend of SO4 concentrations was well matched.
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Figure 10.  River Nausta. Observed and modelled concentrations of SO4, Cl, SBC (sum base cations),
ANC (acid neutralising capacity), pH and Ali (inorganic aluminium). Calibration period was 1994-96.
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Figure 11. River Vosso. Observed and modelled concentrations of SO4, Cl, SBC (sum base cations),
ANC   (acid neutralising capacity), pH and Ali (inorganic aluminium). Calibration period was 1994-
97.
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Figure 12. River Vikedal. Observed and modelled concentrations of SO4, Cl, SBC (sum base cations),
ANC (acid neutralising capacity), pH and Ali (inorganic aluminium). Calibration period was 1986-88.
Naturens tålegrenser, Report no. 111 NIVA 4501-2002
28
Bjerkreim
SO4
0
20
40
60
80
1980 1985 1990 1995
µe
q/
l observed
MAGIC
Cl
50
70
90
110
130
150
170
190
210
230
1980 1985 1990 1995
µe
q/
l observed
MAGIC
ANC
-25
-20
-15
-10
-5
0
5
10
15
20
µe
q/
l observed
MAGIC
SBC
0
50
100
150
200
250
300
350
1980 1985 1990 1995
µe
q/
l observed
MAGIC
pH
4.5
5.0
5.5
6.0
6.5
1980 1985 1990 1995
observed
MAGIC
Aln+
0
5
10
15
20
1980 1985 1990 1995
µe
q/
l observed
MAGIC
Figure 13. River Bjerkreim. Observed and modelled concentrations of SO4, Cl, SBC (sum base
cations), ANC (acid neutralising capacity), pH and Ali (inorganic aluminium). Calibration period was
1980-82.
Naturens tålegrenser, Report no. 111 NIVA 4501-2002
29
Tovdal
SO4
0
50
100
150
1980 1984 1988 1992 1996
µe
q/
l observed
MAGIC
Cl
0
50
100
150
200
1980 1984 1988 1992 1996
µe
q/
l observed
MAGIC
ANC
-70
-60
-50
-40
-30
-20
-10
0
10
20
µe
q/
l observed
MAGIC
SBC
0
50
100
150
200
250
1980 1984 1988 1992 1996
µe
q/
l observed
MAGIC
pH
4.5
5.0
5.5
6.0
1980 1984 1988 1992 1996
observed
MAGIC
Aln+
0
10
20
30
40
1980 1984 1988 1992 1996
µe
q/
l observed
MAGIC
Figure 14. River Tovdal. Observed and modelled concentrations of SO4, Cl, SBC (sum base cations),
ANC (acid neutralising capacity), pH and Ali (inorganic aluminium). Calibration period was 1993-95.
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Figure 15. River Gjerstad. Observed and modelled concentrations of SO4, Cl, SBC (sum base cations),
ANC (acid neutralising capacity), pH and Ali (inorganic aluminium). Calibration period was 1981-83.
3.3 MAGIC reconstructed water chemistry and salmon statistics, 6 rivers,
from late 1880’s to 1990’s
For each of the six rivers the calibrated MAGIC file was used to reconstruct yearly average water
chemistry for the 140-year period from 1860 to 2000. ANC provides the best estimate of acidification
in these rivers over time. The changes in ANC in each river can be compared to the changes in salmon
catch as given by the official salmon statistics. The rivers are ordered here from north-to-south and
thus fall along the gradient of increasing acid deposition.
The river Nausta receives small to moderate deposition of acid, but because it is highly sensitive to
acid deposition, the river has low ANC. The MAGIC reconstruction indicates a decline in ANC from
pre-acidification levels about 35 µeq L-1 to about 15 µeq L-1 in the 1990’s (Figure 16). The catch
statistics for Nausta prior to 1975 are poor and thus difficult to interpret. The construction of a fish
ladder in 1975 led to greatly increased habitat for salmon, and a much large catch subsequent years.
From 1975 to 2000, the number of adults caught has increased. In Skurdal et al. (2001) this increase is
interpreted as due to reduced acidification. It cannot be explained by seafarm-reared escapees. For
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Nausta there is thus no indication from the catch statistics that acidification has affected the salmon
population.
The river Vosso lies somewhat further south and thus receives more acid deposition than Nausta.
Reconstructed ANC indicates a decline from about 60 µeq L-1 to 30 µeq L-1  (Figure 16). The salmon
catch statistics for Vosso suggest lower levels in the 1980’s and 1990’s as compared to the previous
100 years. It is thus possible that acidification may in part explain the decreased salmon catches during
the past 20 years.
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Figure 16.  Salmon catch from the official statistics and ANC as reconstructed by MAGIC for the
rivers Nausta and Vosso for the period 1876-1997.
The river Vikedal lies yet further south and is characterised by both high amounts of precipitation and
acid deposition. The reconstructed ANC has declined from +40 µeq L-1 to –10 µeq L-1 prior to liming
in the mid-1980’s (Figure 17). Salmon catch statistics for Vikedal are incomplete but do not indicate a
major decline in the last few decades. There is thus no clear relationship between salmon catch and
ANC for the river Vikedal.
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The river Bjerkreim lies at the southwestern corner of Norway. This region receives high amounts of
precipitation and acid deposition. In addition leaching of nitrogen is highest in this region. The
MAGIC reconstructed ANC at Bjerkreim declined from pre-acidification levels of about +60 µeq L-1
to about -5 µeq L-1 (Figure 17). Salmon catch statistics show very large variations with no clear
pattern in the past few decades. There is thus no clear relationship between the decline in ANC and
salmon record at Bjerkreim.
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Figure 17. Salmon catch from the official statistics and ANC as reconstructed by MAGIC for the
rivers Vikedal and Bjerkreim for the period 1876-1997.
The Tovdal river lies in southernmost Norway, the region with most widespread and serious
acidification problems. The reconstructed ANC for Tovdal indicates a decline from about +40 µeq L-1
pre-acidification to about –20 µeq L-1 in the 1980’s (Figure 18). The salmon catch statistics are quite
dramatic and indicate a decline in catch beginning in the 1920’s ending with extinction of the
population in the 1970’s. There is a very good correlation between ANC and salmon catch for Tovdal.
The river Gjerstad also lies on the south coast, further east of Tovdal. It also receives high loading of
acid deposition. The MAGIC reconstructed ANC indicates a decline from pre-acidification levels
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about +120 µeq L-1 to levels about +20 µeq L-1 in the 1980’s. The salmon statistics are not complete,
but suggest a decline in the early 1900’s.
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Figure 18. Salmon catch from the official statistics and ANC as reconstructed by MAGIC for the
rivers Tovdal and Gjerstad for the period 1876-1997.
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4. Discussion
4.1 Critical limits for salmon
Lien et al. (1992) set limits for Atlantic salmon at ANC +20 to + 50 µeq L-1 for unchanged
populations, 0 to –10 µeq L-1 for reduced populations and 0 to – 25 µeq L-1 for extinct populations
(Table 11). This set of data was based on fish status from 30 rivers. In Kroglund et al. (1994) water
quality limits were determined on a data from 37 rivers (Figure 19). These results did not seriously
differ from those of by Lien et al. (1992). The results of our analysis here of 73 Norwegian salmon
rivers (including the rivers of Lien et al. 1992 and Kroglund et al. 1994) indicate largely these same
chemical thresholds for affected and extinct salmon populations.
Table 11. Critical limits for salmon as suggested by Lien et al. 1992) (Lien), Kroglund et al. (1994)
(Krog) and this study (here).
pH AlI   µg Al L-1 ANC  µeq L-1
Source Lien Krog here Lien Krog here Lien Krog here
no. rivers 30 37 73 30 37 73 30 37 73
Extinct < 6 < 5.9 < 5.9 > 25 > 25 > 20 < 25 < 20 < 10
Affected 5.8 - 6.2 5.6 - 6.2 5.2 – 6.1 10 - 20 10 - 25 5 - 50 0 - 25 10 - 25 -6 –15
Possibly
affected
5.4 – 6.4 3 - 32 25 – 40
Not
affected
> 6 > 6.1 < 20 < 15 < 10 > 25 > 20 > 20
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Figure 19. Relationship between pH, inorganic Al (LAL), and Ca concentration and salmon
population status in 37 Norwegian rivers (after Kroglund et al. 1994).
In our analysis of population status and river water chemistry data for 1993-94 were mainly used.
Using a different year could have yielded a somewhat different result, although the overall picture
would probably be unchanged. Salmon can go extinct during the years with the poorest water quality,
but on the other hand, the water quality can deteriorate beyond the qualities that caused extinction.
Episodes occurring at critical times constitute bottleneck periods in the life history of Atlantic salmon.
Such episodes can be devastating to a population, and may not be reflected in the mean annual water
chemistry.
The presence of acid tributaries in a river otherwise with good water quality introduces a further
complication. Recruitment will be impaired by acidification in the tributaries, while the water
chemistry of the main river will appear to be adequate for the fish. Acid tributaries are believed to be
the cause for population decline in several rivers in western Norway (such as Suldal, Vosso, Jølstra,
and Gaular).
4.2 Causes of declining salmon populations
There are many possible causes for the observed declines in salmon populations in Norwegian rivers
during the past 20-30 years (Rieber Mohn Utvalget, NOU 1999:9). Threats such as over-fishing,
parasites (Gyrodactylus salaris), disease (BKD, furunculosis), effects of escaped ranched salmon and
human constructions such as hydro-electrical power plants are some of the many factors are
acknowledged as important factors influencing salmon populations in a negative manner. Acidification
is regarded as the most likely cause for the population decline in 7 rivers in southernmost Norway as
well as for several other rivers located in southwestern and western Norway (Sivertsen 1989;
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Hesthagen and Hansen 1991; Kroglund et al. 1994). This does not exclude contribution from other
factors. Apart from factors affecting salmon within the river system, marine factors such as sealice
(Finstad et al., 2000; 2001), over-harvesting, and sea temperature changes are believed to cause
reduced returns of adults (Friedland et al. 1993; Rieber Mohn Utvalget, NOU 1999:9). Factors can act
in concert amplifying each other. Stocking programmes and adults escaped from fish farms increases
population densities and might obscure the possible population declines.
We do not have any proof that rivers here categorised as unaffected by acidification actually are
unaffected, but on the other hand we do not have any data that suggest otherwise. While the two
categories extinct and not likely affected can be reasonably precisely defined, the two categories “most
likely” and “possibly” affected are more uncertain. In these, the salmon population structure can be
affected both by reducing smolt production (lower survival from eggs to smolt) and reducing salmon
marine survival (due to impaired osmoregulation caused by Al exposure in freshwater).
Apart from acidification, several of the Norwegian rivers categorised as affected and not affected are
located in regions where sealice is recognised a threat to post-smolt survival. A sealice density of 10 or
more is sufficient to reduce the smolt’s ability to ionoregulate in seawater.  As impaired ionoregulation
can be caused both by Al exposure and sealice, differentiating between these two factors can be
difficult without carefully conducted measurements.
4.3 Salmon catch statisti cs
The salmon catch statistics are difficult to interpret. There are several reasons for why the catch
statistics are not regarded as a reliable source of data.
1. Catches are not recorded to avoid the salmon tax.
2. Catches include both Atlantic salmon and sea trout prior to 1983.
3. Catches are positively biased by escaped farmed salmon (20 – 70% of the recorded catch can be
farmed salmon). The production of farmed fish has increased exponentially from around 1980.
Catches after 1980 can be artificially high due to escaped farmed salmon
4. Contributions from non-resident salmon. Small rivers with low production can be strongly
influenced by adults originating from neighbouring rivers.
5. Differences in angling effort.
6. The catch may be biased during several years prior to regulation of discharge in rivers subject to
hydroelectric power schemes, such that compensation for lost fisheries can be increased.
7. Changes in near-shore marine fishing methods and regulations.
8. Disruptions in catch-effort and reporting practice during World War II (1940-45).
Despite the uncertainties using the catch statistics, the catches in the rivers regarded as not affected by
acidification appear to be more stable relative to the catches in affected rivers. In case the catches have
declined in the not affected category, these changes can normally be ascribed to factors such as
disease, parasites etc.
4.4 Timing of population  declines and decrease in ANC
The salmon catch statistics give only indications of the time when the populations first began to
decline. Historically reported fish kills already around 1910 in several rivers on the southwestern part
of Norway suggest that rivers were affected by acidification at that time. Low catches already prior to
1900 can therefore be caused by acidification. Complete extinction of salmon populations in the 7
rivers in southernmost Norway took many decades.
Of the 6 rivers addressed here, only for Tovdal do the historical salmon catches and MAGIC
reconstructed ANC fit the expected pattern of extinction caused by acidification. In all the other rivers
the salmon statistics are either incomplete or do not show clear-cut declines in recent decades. This is
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despite the fact that acidification is believed to have affected salmon populations in the rivers Gjerstad,
Bjerkreim, Vikedal and possibly also Vosso and Nausta. The historical salmon catch statistics
therefore do not appear to be of great help in setting the critical limit for salmon.
For Tovdal, the major decline in salmon catch began in about 1900 with complete extinction in the
1970’s. The plot of salmon catch against reconstructed ANC suggests that the decline began at ANC
levels of about 30-40 µeq L-1 and the population became extinct at ANC about 0 µeq L-1 (Figure 18).
This is compatible with the thresholds obtained from the “snap-shot” water chemistry and fish status
data from 1993-94 for the 73 Norwegian rivers (Figure 20). The salmon catch statistics and
reconstructed ANC at Tovdal reveal 4 phases:
Phase 1875 – 1900; Based on ANC, the probability of “damage” is small. There is a large year-to-year
variation in catches that could be due to water quality, but other factors can be of equal importance
Phase 1900 – 1925; Based on the reconstructed ANC reduction, the probability of damage to the
salmon population has increased. The actual catches declined from one year to the next.
Phase 1925 – 1960; ANC has decreased to levels threatening extinction. Low catches were recorded
throughout this period. These might be due to “strays” from neighbouring rivers.
Phase 1960 – present; ANC is below 0. The population became extinct.
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Figure 20. ANC reconstructed by MAGIC (left-hand scale) and salmon catch statistics (right-hand
scale) over the period 1860-1995 in river Tovdal. The ANC fish categories from the 1993-94
“snapshot” are superimposed.
4.5 Experiments with salmon
In experiments Atlantic salmon have proven to be sensitive at Ali concentrations lower than 30 µg Al
L-1 (Skogheim and Rosseland 1986) or lower than 15 µg Ali L-1 when seawater challenges have been
included into the evaluation (Staurnes et al. 1993; Staurnes et al. 1995; Kroglund and Staurnes 1999;
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Kroglund et al. 2001b; Rosseland et al. 2001). Reduced marine survival was observed when Caline-
tagged smolts were exposed to 6 µg Ali and pH 5.8 for 3 months prior to ocean release (Kroglund and
Finstad 2001). A similar reduction in marine survival was observed when smolts were exposed to 15
to 25 µg Ali L-1 for 10 hours prior to release (Finstad et al. 1999). In more sub-optimal waters having
lower pH and higher Ali concentrations, marine survival was reduced to zero (Hansen 1982; Staurnes
et al. 1996). Based on experiments, physiological responses have been observed at concentrations of
Ali close to or below the detection limit (Rosseland and Staurnes 1994). If physiological responses
predict a possible population response, the high sensitivity to low concentrations of Ali prohibits the
practical use of Ali to determine a water quality limit.
Based on exposure experiments mortality was recorded in freshwater in all exposures where Ali
exceeded 15 µg Al L-1.  Zero mortality was recorded in water qualities with Ali concentrations up to
30 µg Al L-1. Based on this dataset, 30 µg Ali can be used as a limit where extinction is a possible
outcome. In the Ali range of 15 to 30, the population effects are more uncertain and will depend on
exposure time. Based on seawater challenge tests, mortality was encountered when Ali exceeded 6 µg
Al L-1. Zero mortality was recorded up to 30 µg Al L-1, where zero mortality prevailed at the lower
concentration level (Table 12). In Figure 21 mortality level is related to Ali.
The effects increase with increased exposure concentration and exposure duration. These limits
depend on exposure duration. Based on data derived from these experiments, population effects should
be anticipated at Ali concentrations exceeding 5 µg Al L-1, with possibility for extinction in water
qualities where Ali exceeds 15 µg Al L-1.
Table 12.  Summary of mortality limits for inorganic Al (µg L-1) for salmon. Data are from laboratory
experiments performed to assess water quality limits (Kroglund et al. unpublished data).
Freshwater Seawater Marine survival*
No effect <5 <5 <5
Effect 5-15 5-10 5-15
High effect >15 >10 >15
Transformation of Ali from toxic to non-toxic species of Al takes minutes at pH >6.4 and hours at pH
levels 6.2 or lower (Kroglund et al. 2001ab). By the time traditionally sampled water bottles arrive at a
water laboratory, the Ali concentration can be substantially underestimated compared to the
concentrations experienced by the fish.
Smolt quality at Nausta was assessed in 1994 (Kroglund et al. 1996a). Caged hatchery reared smolts or
native wild smolts exposed to water in Nausta responded in a negative manner. While the
physiological status based on samples taken in freshwater did not indicate impaired water quality, the
gills showed typical compensatory changes and the smolts were not seawater tolerant. The gills
contained aluminium. It was concluded that the smolts were affected by acidic water. The water
quality caused biological responses detected as gill tissue changes and impaired seawater tolerance
(Kroglund et al. 1996a).
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Figure 21.  Summary of results of laboratory experiments with mortality of salmon to inorganic Al
(Ali). From Kroglund et al. unpublished data).
4.6 Strain and population differences
Strain dependent differences in water quality requirement have been described for brown trout
(Dalziel et al. 1995) and perch (Vuorinen et al. 1994). If similar properties also were present in
Atlantic salmon, water quality standards would need to take population specific tolerance into
consideration.
Based on exposure experiments, no difference in sensitivity or tolerance was detected among 5 strains
(Rosseland et al. 2001) or among two strains (Kroglund and Finstad 2001), irrespective of the water
quality the strain originated from. Both works conclude that Atlantic salmon do not develop tolerance
towards acidification.
4.7 Critical limit for salmon and implications for critical loads for surface
waters in Norway
Earlier analyses, our new “snapshot” analysis, and our analysis of historical data all point to a critical
limit for Atlantic salmon in Norwegian rivers of ANC about 25-30 µeq L-1. This is somewhat higher
than the critical limit for brown trout of 10-20 µeq L-1 used to calculate critical loads for surface
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waters in Norway (Henriksen et al. 1999; Henriksen and Buan 2000). We do not, however, believe
that the higher critical limit for salmon will necessitate revision of the critical load maps for Norway.
Whereas the habitat for salmon is the lower reaches of the river, the habitat for brown trout also
includes the high elevation, headwater lakes and streams. These are typically more acid-sensitive
relative to the downstream reaches. Thus if the critical limit for the headwater regions is set at ANC
10-20 µeq L-1, this should be sufficient to maintain ANC above 30 µeq L-1 in the salmon-carrying
sections of the river.
Acidic tributaries located along the anadromous reach of the river can offset the water chemical
determination. These rivers are in the evaluation plotted as possibly affected. Using the proposed ANC
limits, these rivers are not necessarily protected. On the other hand, by requesting a higher ANC, a
number of rivers most likely not affected will be included in the possibly affected category. These
conditions with acidic tributaries can be handled otherwise.
The water quality limits presented here do not necessarily apply for watersheds outside Norway. In
particular rivers with high concentrations of dissolved organic carbon may offer better protection of
salmon from acidification. Based on experiments conducted in two rivers differing in organic content
(< 1 mg L-1 TOC vs. 4-6 mg L-1 TOC), twice as much Ali was needed to produce a given accumulation
of Al onto the gill surface of salmon smolts and parr. Physiological responses, however, were related
to gill-Al irrespective of Ali. This can be interpreted as: (1) Ali is overestimated in organic rich water,
(2) the cation exchanger retains Ali species that are not retained by the fish gill, and/or (3) the cation
exchanger remobilizes Al as Ali from organic-bound Al (Alo). The chemistry data from these 2 rivers
indicate that for a given ANC level the concentration of Ali is higher in the high TOC river relative to
the low TOC river (Figure 22).
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Figure 22.  Relationships between ANC, pH and Ali in the 1500-lake survey (Skjelkvåle et al. 1996).
The relationships are shown for lakes low in TOC (<1.5 mg C L-1) and lakes with high TOC (>5 mg C
L-1) content.
The influence of TOC on Ali is also detectable in rivers outside Norway, e.g. Sweden, Scotland,
England and some Canadian rivers. Little work has been performed on seawater survival in these
countries. For Canadian brown water rivers, the water quality limit is set to pH around 5 (Lacroix
1989). Declining populations densities were detected when pH fell below pH 5.6. The limits used in
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Canada cannot be employed for Norway, as Ali does not contribute to water toxicity in Canadian
rivers, because these rivers have a high concentration of dissolved organic carbon and reactive Al is
nearly completely bound to organic matter (Gunn and Belzile 1994).
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5. Conclusion
There is a close relationship between mortality levels for Atlantic salmon determined on basis of
experiments and the water quality limits detected here. Short-term exposures indicate increasing
mortality in freshwater when Ali exceeds 15 µg Al L-1. Hypoosmotic capacity as an indicator of
marine survival is affected at concentrations around 8 µg L-1 Ali or higher. These are levels fairly
similar to response levels predicted based on the 73 rivers.
Ali cannot be used to discriminate safe from unsafe water qualities. Ali concentrations below the
detection limit can impose a threat at the population level by affecting e.g. marine survival. On the
other hand, Ali in excess of 20 µg Al L-1 indicates toxic water.
Rivers characterised by pH higher than 6.4 are not associated with population declines that can be
attributed to acidification or acidification-related factors. In the pH range 6.0-6.4, acid tributaries
transporting Ali to the main river can be the cause for sub-optimal water qualities.
ANC discriminates well between affected and non-affected. No population decline due to acidification
or acidification related factors were discovered at ANC levels exceeding 40 µeq L-1.  Within the ANC
range 20 to 40 µeq L-1, both affected and non-affected populations were detected. All affected
populations originate in rivers having acidic tributaries along the anadromous reach of the river. These
rivers represent the “difficult” cases, where uncertainties as to cause are large.
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Appendix A.  Salmon status and water chemistry
Salmon category 0: Water characteristics of rivers where the Atlantic salmon population is
characterised as extinct, or where river catches were rare. Units: ANC, H+ µeq L-1; Ca mg L-1; RAL,
Ali µg Al L-1.
River ANC pH H+ Ca RAL Ali
µeq L-1 µeq L-1 µeq L-1 µg L-1 µg L-1
Ekso 7 5.7 1.8 0.8 52 19
Haugdalselva -18 5.0 10.7 0.5 36
Dirdalselva -4 5.4 4.4 0.8 63 47
Sogndalselva -19 5.1 8.3 1.3 60
Nidelva -15 5.4 3.6 1.2 104 61
Modalselva -6 5.3 5.3 0.5 80 65
Lygna -7 4.8 15.8 0.4 80 44
Sokndalselva (Rogaland) 5 5.3 5.6 60 60
Gjerstadelva 8 5.6 2.6 1.9 126 74
Frafjordelva -8 5.5 3.4 0.9 23
Åna. Sira -19 4.9 11.7 0.5 70
Audna -15 5.1 8.3 1.2 132 92
Tovdalselva -7 5.2 6.2 1.0 145 98
Kvina -15 4.8 15.8 1.0 105
Storelva -5 5.7 2.0 2.6 60
Mandalselva -22 4.8 15.5 0.7 183 127
Otra -7 5.6 2.7 1.1 107 55
Feda 4.5 31.6
Hellelandselva -22 5.2 6.3
Storelva (Sauda) 5.5 3.2
Romarheimselva 5.0 10.0
Frøysetelva 3 5.1 8.3 0.4 95 28
Matreelva 5.3 5.0 0.5 70 28
min -22 4.5 31.6 0.4 52 19
max 8 5.7 31.6 2.6 183 127
mean -9 5.2 8.2 1.0 100 61
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Salmon category 1a: Water characteristics of rivers where the Atlantic salmon population is
characterised as affected and where acidification is regarded as a main factor. Units: ANC, H+ µeq L-1;
Ca mg L-1; RAL, Ali µg Al L-1.
River ANC pH H+ Ca RAL Ali
µeq L-1 µeq L-1 µeq L-1 µg L-1 µg L-1
Gaula SogF -2 5.4 3.6 0.6 58 32
Rødneelv -3 5.2 6.6 0.9 47
Vikedalselva -2 5.4 3.7 0.7 55 33
Myrastølselv 5 5.5 3.2 0.7 50 15
Austerbøelv -5 5.5 3.2 0.5 70 20
Bjerkreimselva 10 5.8 1.5 1.1 40 20
Østerbøelv 0 5.6 2.5 0.4 30 15
Førdeelv -5 5.6 2.5 0.4 50 20
Lyse 4 5.7 1.9 0.7 16
Ortnevik 10 5.8 1.6 0.5 45 15
Espedalselva 4 5.9 1.4 0.9 10
Årdalselva 13 5.9 1.4 0.9 28 9
Ytredalselva 15 5.9 1.3 0.7 47 5
Høyanger 5 5.9 1.3 0.7 30 15
Opo 10 5.9 1.1 1.1 22
Ogna -1 5.9 1.3 2 50
Vormedalselva 4 6.1 0.8 2.2 35
Guddalsvassdraget 5.8 1.6 0.5 36 6
min -5 5.2 0.8 0.4 28 5
max 15 6.1 6.6 2.2 70 50
mean 4 5.7 2.2 0.9 44 21
Salmon category 1b: Water characteristics of rivers where the Atlantic salmon population is
characterised as affected but where the cause for reduction is uncertain. Units: ANC, H+ µeq L-1; Ca
mg L-1; RAL, Ali µg Al L-1.
River ANC pH H+ Ca RAL Ali
µeq L-1 µeq L-1 µeq L-1 µg L-1 µg L-1
Nausta 10 5.6 2.3 0.6 39 11
Jølstra 25 6.1 0.9 0.8 25 3
Lona 30 5.7 2.0 0.7 50 8
Vosso 36 6.1 0.9 0.9 7 4
Suldal 25 6.2 0.7 1.5 15
Oselva i Os 30 6.2 0.7 1.9 25
min 10 5.6 0.7 0.6 7 3
max 36 6.2 2.3 1.9 50 25
mean 26 6.0 1.2 1.1 30 11
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Salmon category 2: Water characteristics of rivers where the Atlantic salmon population is
characterised as unaffected or where possible population declines can be related to other causes
(diseases, parasites, hydro-power etc.). Units: ANC, H+ µeq L-1; Ca mg L-1; RAL, Ali µg Al L-1.
River ANC pH H+ Ca RAL Ali
µeq L-1 µeq L-1 µeq L-1 µg L-1 µg L-1
Etne 31 6.4 0.4 1.9 1
Drammenselva 150 6.7 0.2 3.5 5
Altaelva 492 7.2 0.1 8.1 5
Beiarelva 172 6.6 0.2 4.0 5
Gaula trønder 300 7.1 0.1 6.3 5
Halselva 318 7.2 0.1 5.9 5
Imsa 97 6.7 0.2 3.4 5
Orkla 393 7.2 0.1 8.7 154 5
Rauma 56 6.3 0.5 1.9 5
Reisaelva 286 7.0 0.1 5.6 5
Lærdalselva 93 6.7 0.2 2.1 16 0
Øyensåa 50 6.0 1.1 1.1 52 3
Numedalslågen 83 6.5 0.3 2.7 7
Stryneelva 34 6.4 0.4 2.4 5
Figgjo 47 6.3 0.5 2.5 8
Driva 149 6.9 0.1 4.3 2
Nordfolda 30 6.1 0.7 1.1
Stjørdalselva 94 7.2 0.1
Skalleelv 152 6.7 0.2 1.8
Stabburselva 234 6.9 0.1 4.3
Bjordalselv 70 6.4 0.4 1.5 50 5
Stryneelva 25 7.2 0.1
Tana 7.2 0.1
Vefsna 356 7.2 0.1 7.1
Ørstaelva 57 6.5 0.3 1.6 4
Eidselva 19 6.2 0.6 1.1 8
min 19 6.0 0.1 1.1 16 0
max 492 7.2 1.1 8.7 154 8
mean 152 7.0 0 4.0 68 5
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Appendix B.  Salmon catch statistics for Norwegian rivers
Category 0; extinct
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Category 1a; most likely affected
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Daleelva/Høyanger
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Category 1b; possibly affected
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Category 2; most likely unaffected
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